A 38-bp pollen-specific cis-acting region of the AVP1 gene is involved in the expression of the Arabidopsis thaliana V-PPase during pollen development. Here, we report the isolation and structural characterization of AtVOZ1 and AtVOZ2, novel transcription factors that bind to the 38-bp cis-acting region of A. thaliana V-PPase gene, AVP1. 
Introduction
Isolation and characterization of plant transcription factors are quite important, because plants have to adapt to various environmental conditions and develop according to a highly ordered gene-expression controlled by a precise array of transcription factors (Ohme-Takagi et al. 2000 , Jack 2001 , Battey and Tooke 2002 . The plant transcription factors can be grouped into distinct classes based on their conserved DNAbinding domains (Riechmann et al. 2000) . Each member of these families interacts with specific motifs that are often found in various promoters.
Arabidopsis thaliana has many plant-specific transcription factors such as AP2/ERF/DREB, NAC, WRKY and DOF that regulate plant-specific gene-expression (Ohme-Takagi and Shinshi 1995 , Yanagisawa 1995 , Rushton et al. 1996 , Souer et al. 1996 , Liu et al. 1998 .
Since approximately 40-50% of the proteins encoded by the A. thaliana genome cannot be assigned to functional categories on the basis of sequence similarity to proteins of known function, some of the uncharacterized proteins are expected to be novel transcriptional regulators responsible for plant specific gene expression (Arabidopsis Genome Initiative 2000, Riechmann et al. 2000) .
Plants possess two distinct proton pumps in their vacuolar membrane; V-ATPase and V-PPase. Both V-ATPase and VPPase translocate protons into the vacuole coupled with ATP and PPi hydrolysis, respectively (Hedrich and Schroeder 1989 , Martinoia 1992 , Maeshima 2001 . The expression level of VPPase is changed at the transcriptional level in response to various environmental conditions and developmental stages (Maeshima 2001) . The promoter region of the A. thaliana VPPase gene (AVP1) contains several cis-acting elements which are possibly involved in various physiological responses to low-temperature, sugar, auxin and pollen-specific expression (Mitsuda et al. 2001) . These findings suggest that the AVP1 expression is controlled by multiple transcription factors.
In this study, we have identified two novel proteins interacting with the cis-acting region of the A. thaliana V-PPase gene (AVP1) by the screening of a yeast one-hybrid cDNA library of A. thaliana. These proteins showed significant sequence similarity, and homologs of the proteins have been found in various vascular plants. Based on the distribution among the vascular plants and the presence of a zinc finger motif, we designated them AtVOZ1 and AtVOZ2 (A. thaliana Vascular plant One Zinc finger protein). Both proteins have two conserved regions termed Domain-A and Domain-B. Domain-B comprised the zinc-coordinating motif and the basic region that were shown to function as the DNA-binding and the dimerizing domains of AtVOZ2.
Results

Identification of novel transcription factors
Previously, we examined the regulatory region of the A. thaliana V-PPase gene (AVP1) in a promoter-GUS analysis and found the cis-acting region responsible for the pollen-specific gene expression of AVP1 (Mitsuda et al. 2001) . To isolate transcription factors, which will bind to this cis-acting region, we performed a yeast one-hybrid screening of a cDNA library of A. thaliana. The screening of approximately 1.5×10 6 independent colonies identified three different candidate clones.
Sequence analysis of these isolated clones revealed that one gene encoded AtCAMTA5/AtSR6 (Bouche et al. 2002, Yang and Poovaiah 2002) , and the other two genes, At1g28520 and At2g42400, were novel. The characterization of AtCAMTA5 in AVP1 expression was reported elsewhere (Mitsuda et al. 2003) .
Only the two related genes (At1g28520 and At2g42400) were found in the A. thaliana genome. The molecular weights of the deduced proteins, which are encoded by At1g28520 and At2g42400, were calculated to be 54,079 (486 a.a.) and 50,548 (450 a.a.), respectively. The gene products of At1g28520 and At2g42400 show 53% sequence similarity. Genes and ESTclones showing significant similarity to the isolated genes were found throughout various higher vascular plants including monocots, dicots and gymnosperms (Supplementary data 1). No homologs were found in animals, fungi and algae. Interestingly, a homologous protein was also found in a moss, Phys- Fig. 1 Amino acid sequence alignment of two conserved domains of AtVOZ1 (At1g28520), AtVOZ2 (At2g42400), rice and P. patens homologs. Shadowed columns represent amino acids conserved among at least three proteins. Asterisks represent conserved residues possibly forming functional zinc-coordinating motif. The dashed line indicates the region in which many conserved basic amino acid residues are observed.
comitrella patens. The significance of the existence of the P. patens homolog will be discussed later (see Discussion).
The amino acid sequence alignment of the proteins encoded by At1g28520, At2g42400 and the rice and P. patens homologs is shown in Fig. 1 . The proteins encoded by these genes have two distinct conserved regions. The conserved region on the N-terminal side termed Domain-A includes a stretch of amino acids, and Domain-B in the C-terminal half contains three conserved cysteines and one histidine residue which possibly constitute a zinc finger motif (Fig. 1, asterisks) and also a region with conserved basic amino acids (Fig. 1 , dotted line). We designated these gene products VOZ proteins, and the isolated genes, At1g28520 and At2g42400, as (Vascular plant One-Zinc finger) AtVOZ1 and AtVOZ2, respectively.
Expression patterns of AtVOZ1 and AtVOZ2
RT-PCR analysis revealed that both AtVOZ1 and AtVOZ2 were expressed in root, shoot, leaf, flower, and slique as well as suspension cultured cells (Fig. 2A) .
The transgenic plant harboring the GUS reporter controlled by the AtVOZ1 promoter showed the specific staining in the vascular bundle of various tissues (Fig. 2B a-d) . A crosssection of the flower stem revealed that the GUS-reporter was specifically expressed in the phloem tissue (Fig. 2B c) . No staining was observed in the pollen (Fig. 2B d) . In contrast, the transgenic plant harboring the AtVOZ2 promoter GUS-reporter construct showed strong GUS-expression in the root, especially in the root tip (Fig. 2B e) . The expression of AtVOZ2 was also observed in other tissues including stamen filaments (Fig. 2B g, h) , stipules (Fig. 2B f) and anthers (Fig. 2B h) .
AtVOZ1 and AtVOZ2 function as transcriptional activators in A. thaliana
A transient effecter-reporter analysis was performed to examine whether AtVOZ1 and AtVOZ2 function as transcription factors in suspension-cultured cells of A. thaliana. As shown in Fig. 3 , both AtVOZ1 and AtVOZ2 were able to activate the expression of the GUS-reporter under control of the tandemly repeated 38-bp region used in the one-hybrid screening, whereas a negative control construct Vamp722-GFP, which is a A. thaliana R-SNARE protein, could not activate the reporter. Thus, both AtVOZ1 and AtVOZ2 could migrate into the nucleus, bind to the 38-bp region and activate the downstream gene in the A. thaliana cell. From the data, we conclude that both AtVOZ1 and AtVOZ2 function as transcriptional activators in A. thaliana. 
AtVOZ2 binds to the specific palindromic sequence; "GCGTNx7ACGC"
To determine the binding sequence of AtVOZ1 and/or AtVOZ2, electrophoretic mobility shift analyses were performed using various mutated DNA fragments (Fig. 4A ). Both AtVOZ1 and AtVOZ2 retarded the electrophoretic mobility of the DNA fragment including the 38-bp region, whereas a negative control protein, luciferase did not retard the mobility. The smaller shifted band with faster mobility may be generated by a partial degradation of AtVOZ2, which was still able to bind the probe. This smaller band was not usually observed in our experiments (compare with Fig. 4B ). An addition of molar excess of the un-labeled DNA probe diminished the shifted bands of both proteins in a dose-dependent manner. These findings indicated that AtVOZ1 and AtVOZ2 bind to a specific DNA sequence within the 38-bp region.
Since AtVOZ1 and AtVOZ2 bound to the same DNA fragment in vivo and in vitro, we expected that both proteins recognize the same DNA sequence. We therefore tried to determine the binding sequence of AtVOZ2 in detail by conducting an electrophoretic mobility shift analysis using various mutated probes.
AtVOZ2 was able to bind to the mutated probes, m4, m5, m7 and m8, but not to the probes, m0, m1, m2, m3 and m6 (Fig. 4B ). These results indicate that AtVOZ2 binds to a certain sequence within the first 15 bp. Interestingly, the region includes a partial palindromic sequence (GCGT AGTCAAC ACGC). Since many transcription factors have been reported to bind to specific palindromic sequences (Beato et al. 1987 , Timmerman et al. 1996 , Steinmetzer and Brantl 1997 , we expected that AtVOZ2 may bind to this palindromic sequence.
Mutations introduced in the palindromic sequence completely abolished the binding of AtVOZ2 (Fig. 4B, m6 , m12 m13, and m14). In contrast, the mutation introduced in the linker region of the sequence did not affect the ability of the protein to bind to DNA (see the probe m11). When the linker lengths were changed from 7 (m11) to 6 (LL6), 8 (LL8) or 9 (LL9), the shifted bands were barely detectable. From these data, we concluded that AtVOZ2 specifically recognizes and binds the sequence GCGTNx7ACGC.
Domain-B is responsible for the DNA-binding of AtVOZ2
Next, we determined the minimum region responsible for the DNA binding of AtVOZ2 in a yeast one-hybrid system. As shown in Fig. 5A , the N-terminal-deleted clone, V2a, had binding activity for the probe DNA, whereas the C-terminal-deleted clone, V2b, did not, indicating that the DNA-binding region of AtVOZ2 resides in the C-terminal half of the protein. Since the C-terminal half includes Domain-B, we suspected that Domain-B functions as the DNA-binding region of AtVOZ2, and thus we constructed a clone, V2d which is comprised of Domain-B only. This clone still showed significant reporter activity. In contrast, clones V2c and V2g, which contain the putative zinc-finger motif but lack part of the basic region, did not show any reporter activity. Furthermore, the mutant V2e with a deletion of the putative zinc-finger domain was less active for DNA binding.
The minimum DNA-binding region of AtVOZ2 was also confirmed with an electrophoretic mobility shift analysis using various truncated proteins. As shown in Fig. 5B , V2d was able to retard the mobility of the 38-bp DNA fragment but other truncated proteins, V2b, V2c and V2e, did not (Fig. 5B) .
These results indicate that the entire Domain-B region of AtVOZ2 (221-418) including both the putative zinc-finger motif and the basic region was required for the DNA-binding ability of AtVOZ2.
AtVOZ2 has a functional zinc coordinating motif in Domain-B
We then examined the requirement of zinc ion and the conserved cysteine and histidine residues of Domain-B for the DNA binding of AtVOZ2. The addition of a zinc-specific chelator, 1,10-phenanthroline, is known to reduce the DNAbinding affinity of transcription factors having zinc-finger DNA binding motifs (Hanas et al. 1983 , Takatsuji et al. 1992 , Yanagisawa 1995 effectively abolished the DNA-binding ability of AtVOZ2 in a dose-dependent manner. For instance, 5 mM 1,10-pheanthroline completely prevented the binding of AtVOZ2, although the same concentration of EDTA did not show any effects (Fig. 6A) .
A mutation introduced into the position of each conserved cysteine and histidine residue 249 or His-253 to Ala) of AtVOZ2, which possibly composes the functional The reporter construct had the GUS reporter gene and the six repeats of the 38-bp region fused to the CaMV35S minimal promoter. Effecter genes; AtVOZ1, AtVOZ2 and Vamp722-GFP were expressed under the control of the CaMV35S promoter. Vamp722-GFP is a negative control construct encoding an A. thaliana R-SNARE protein fused with GFP. The reporter, effecter and internal control (35S-Luc) plasmids were co-transformed into suspension-cultured cells of A. thaliana and GUS/ luciferase activity was measured. The relative GUS/ luciferase activity with no effecter is set at 1. Error bars represent the standard deviation values obtained from at least 10 experiments. The statistical significance of the activities of AtVOZ1 and AtVOZ2 against that of negative control, Vamp722-GFP, was verified with the t-test (P <0.02).
zinc-coordinating motif, clearly reduced the DNA-binding ability of AtVOZ2 (Fig. 6B) . From these data, we concluded that zinc-ion is prerequisite for the DNA-binding of AtVOZ2 and the residues, cycteine-230, -235, and -249 and histidine-253 of AtVOZ2 are essential for the DNA binding and these residues constitute a functional zinc-coordinating motif for DNA binding.
AtVOZ2 forms a dimer to bind DNA
It has been reported that transcription factors that bind to a palindromic sequence often form a dimer (Beato et al. 1987 , Timmerman et al. 1996 , Steinmetzer and Brantl 1997 . Actually, HPLC and analytical ultracentrifugation analyses revealed that AtVOZ2 formed high molecular weight complexes in solu- Fig. 4 Electrophoretic mobility shift analyses of AtVOZ1 and AtVOZ2. (A) AtVOZ1 and AtVOZ2 were synthesized using the rabbit reticulocyte system. The probe WT is the same construct used in Fig. 4B . "Luc" represents luciferase used as a negative control. "×20" and "×50" indicate that a 20-or 50-fold excess of un-labeled probe was added to each sample. (B) The binding sequence of AtVOZ2 was determined using various mutated probes. Lowercase letters indicate the mutated sequences. The shaded region constitutes the palindromic sequence. The relative intensities of the shifted bands are shown at the bottom of the photo (the intensity of the "WTs" probe is set at 100).
tion (data not shown). We therefore investigated whether AtVOZ2 might bind to the palindromic sequence as a dimer.
This possibility was tested in an electrophoretic mobility shift analysis using a mixture of AtVOZ2 full-length protein (WT) and V2d, the minimum truncated protein that was shown to have DNA-binding ability. If AtVOZ2 forms a dimer upon binding the DNA, an extra shifted band formed by the "WT/ V2d" heterodimer would emerge in addition to the two-distinct shifted bands formed by the "WT/WT" and "V2d/V2d" homodimers, respectively.
The stepwise titration of WT protein to a constant amount of V2d protein gradually generated two extra-bands with slower mobilities than the V2d band in the gel, with reduction of the intensity of the V2d band (Fig. 7, lane 2-9 ). Each extraband corresponded to the heterodimer of V2d and WT (the middle band) and the homodimer of WT (the upper band), respectively. These results imply that AtVOZ2 protein binds to DNA as a dimeric form.
Discussion
VOZ proteins have a novel DNA-binding domain, the VOZdomain
The zinc-finger motif is classified into several groups based upon the number and position of cysteines and histidine residues (Berg and Shi 1996) . Both the zinc-finger motif identified in AtVOZ1 and AtVOZ2 consists of three cysteine and one-histidine residues. The linker lengths between the cysteines and the histidine of the VOZ-family are 4, 13 and 3, which are different from the typical CCCH zinc-finger motif found in various proteins (Berg and Shi 1996 , Carballo et al. 1998 , Lai et al. 1999 , suggesting that VOZ protein has a novel type zinc finger. Domain-B of VOZ proteins containing this novel zinc finger was shown in this study to be indispensable for DNA binding. We designated Domain-B of the VOZ proteins as the "VOZ-domain". The highly conserved nature of the VOZdomain among the VOZ proteins implies that the domain should function for the DNA-binding and dimerizing domain in all VOZ proteins.
The palindromic nature of the binding sequence of AtVOZ2 would be important because it means that the two halves of each binding site are related by an approximate twofold symmetric axis providing a dimeric protein with two identical recognition sites, one for each subunit. Our study revealed that the centers of each half of the palindromic sequence for the VOZ-binding are separated by about 10 bases. In physiological conditions, the helical structure of DNA repeats after 10 bases on each chain at an interval of 34 Å in the B-form DNA. Thus, if one VOZ-domain of the VOZ transcription factor binds to one of the palindromic DNA sequences, the second VOZdomain of the protein dimer is poised to bind to the second palindromic DNA sequence one-turn after the first palindromic sequence with a distance of 34 Å.
Possible physiological roles of AtVOZ transcription factors
Since AtVOZ1 and AtVOZ2 were isolated as proteins bound to the pollen-specific regulatory region of AVP1, we expected that these proteins specifically control the geneexpression of AVP1 during pollen development. However, the promoter-GUS analysis showed that the expression of AtVOZ1 and AtVOZ2 was not pollen specific. Furthermore, promoter-GUS analyses also revealed that a truncated promoter, from which the binding sequence of AtVOZ2 was deleted (GCG-TAGTCAACACGC; the deleted sequence were underlined), still showed sufficient activity in pollen (data not shown). These findings suggest that AtVOZ1 and AtVOZ2 are not major regulators of this gene. How do AtVOZ1 and AtVOZ2 control the gene expression of AVP1 in A. thaliana?
We demonstrated in a previous study that the 1.4-kb promoter of AVP1 directs gene-expression in various tissues including the vascular bundle, the root and pollen (Mitsuda et al. 2001 ). This expression pattern corresponded partly with that of AtVOZ1 and AtVOZ2 although the truncated 0.4-kb promoter, which contains the binding sequence of AtVOZ1 and AtVOZ2, did not show any activity for gene-expression in these tissues. These results imply that AtVOZ1 and AtVOZ2 might control the gene-expression of AVP1 in combination with a co-activation factor that binds to the outside of the 0.4-kb region.
Heterotypic interaction between multiple transcription factors is a common mechanism that can establish cell typespecific gene expression (Olson 1993) . Many genes are regulated by combination of multiple transcription factors binding to a specific set of cis-elements in their promoters (Singh 1998) . For instance, the ternary complex formation of several MADS-box transcription factors has been reported to modulate target gene recognition and/or activation (Herskowitz 1989 , Egea-Cortines et al. 1999 . In another case, RF2a, a bZIP transcriptional activator of rice, which binds to the RTBV promoter responsible for phloem-specific expression, has been proposed to express tissue specificity in concert with other transcription factors binding to other cis elements in the promoter (Yin et al. 1997) . A mechanism for transcriptional control of AVP1 with AtVOZ1 and/or AtVOZ2 may exist.
Computation analysis of VOZ-binding sites in the A. thaliana genome
A genome-wide screening of the VOZ-binding sequence (GCGTNx7ACGC) within A. thaliana genome reveals that 142 potential VOZ-binding sequences exist within the 1,000-bp upstream regulatory regions of a total of 28,786 genes. In 142 genes, 30 gene products and 13 gene products have significant similarity to protein kinases and nucleic acid binding proteins, respectively (Supplementary data 2) . Limited number of VOZgenes in the genome and the possible functions of the downstream genes imply that AtVOZ transcription factors might be master regulators that initiate certain gene expression cascades. Chelater sensitivity of the DNA-binding ability of AtVOZ2. "E" and "P" represent the addition of EDTA and 1, 10-phenanthroline, respectively. (B) The mutant proteins, in which the conserved cysteines (C230, C235, and C249) and histidine (H253) residues possibly forming a zinc-coordinating motif were substituted with alanine, were synthesized using the rabbit reticulocyte system and their DNA-binding abilities were tested in an electrophoretic mobility shift analysis. C230A, C235A, C249A, and H253A represent mutant proteins in which the 230th, 235th and 249th cysteine or 253rd histidine was substituted with alanine, respectively. "Luc" means luciferase used as a negative control. The synthesis of each protein was separately confirmed by autoradiography of the proteins which were labeled with
ESTs of VOZ-homologs were found throughout various vascular plants. Interestingly, a homolog of VOZ was also found in a moss, P. patens. P. patens belongs to the Bryophytes, one of the earliest ancestors of the vascular plants. In fact, sequence comparison of A. thaliana and P. patens shows that at least 66% of the A. thaliana genes have homologs in P. patens (Nishiyama et al. 2003) .
P. patens has the most developed body system in the Bryophyte; they have stem and leaf-like tissues and have also evolved a long-distance transport system to deliver water and photoassimilates to all over their body. This long-distance transport system is composed of both phloem-like and xylemlike structures called leptoid and hydroid, respectively (Scheirer 1990) . Based on microscopic studies, leptoids show a remarkable similarity with the sieve elements of vascular plants, suggesting that the leptoid and the sieve element of vascular plants have evolved from the same ancestral phloem-like tissue (Esau 1965) . In this context, it is interesting that AtVOZ1 is specifically expressed in the phloem tissue of A. thaliana. The VOZ protein might have emerged in plants with the acquirement of phloem-like tissue, and the VOZ proteins might be involved in the development of phloem tissue.
Materials and Methods
Yeast one-hybrid screening
The 38-bp region identified as the region responsible for the pollen-specific expression of AVP1 was ligated six times in a tandem manner with a linker, 5′-AATCGGATCC-3′, and the resultant 38-bp region was cloned into the XbaI site of pHISi-1 (Clontech, CA, U.S.A.) and the SalI site of pLacZi (Clontech, CA, U.S.A.), respectively. These reporter constructs were integrated into the genomic loci of both his3 and ura3 of the yeast strain YM4271 (MATa, 112, ade5::hisG) via homologous recombination. The resultant reporter yeast was designated . The construction of a flower-specific cDNA library and the screening procedure were reported previously (Mitsuda et al. 2003) .
Sequence analysis
P. patens full-length cDNA clones constructed by Nishiyama et al. (2003) (clones, pphb 39m11 and pphb3d15) were kindly provided from RIKEN BioResource Center (Wako, Japan). The nucleotide sequences of A. thaliana and P. patens cDNA clones were determined with a DNA sequencer using appropriate primers.
Construction of promoter-GUS reporter constructs for AtVOZ1 and AtVOZ2
The upstream non-coding regions of AtVOZ1 (3,773 bp) and AtVOZ2 (1,868 bp) were amplified by PCR using appropriate primers. The PCR fragments were ligated into the BamHI site of the pBI101.1 T-DNA vector. The transgenic A. thaliana harboring the promoter-GUS constructs were generated by Agrobacterium-mediated transformation (Bechtold et al. 1993) . Transgenic plants were grown in Murashige-Skoog medium containing kanamycin (50 µg ml -1 ) under continuous light at 23°C. The transgenic plants were selected based on a genomic PCR using appropriate primers.
Construction of truncated clones of AtVOZ2 for the determination of the DNA-binding domain
The truncated AtVOZ2 proteins (deletion proteins corresponding to; V2a: residues 221-450, V2b: 1-220, V2c: 1-315, V2d: 221-418, V2e: 267-450, V2f: 1-418, V2g: 1-371) were PCR-amplified and fused in-frame with the coding sequence of the yeast GAL4 activation domain in pGAD424. These plasmids were then introduced into the reporter yeast, NM-1, by the lithium acetate transformation method, and the yeast transformants were selected on SD plates lacking histidine, leucine and uracil. The β-galactosidase activity was measured as described previously (Mitsuda et al. 2003) .
RT-PCR analysis
Total RNA (1 µg) was obtained from each tissue using an RNeasy Mini kit (Qiagen Inc., Valencia, CA, U.S.A.), and was reversetranscribed using a cDNA synthesis kit (SAWADY Technology Inc., Tokyo, Japan) with an oligo-dT primer. RT-PCR was performed using sets of gene-specific primers listed below. VOZ1: VOZ1Ab-S (5′-GTC GAC GCT GCC CCC AAG CCC GAG CCT GCT-3′) and VOZ1Ab-A (5′-GTC GAC TCA AAT AGT CGG GAT AAA ATT AGA-3′). VOZ2: VOZ2-TconS (5′-CCA TGG AAC GCA GCA GAG CTA-3′) and VOZ2TconA (5′-ATG CCA CTC AAA GGG ACC TGG-3′). A DNA fragment was amplified from the cDNAs as an internal control using following primers; ACT2-N′ (5′-ATG GCT GAG GCT GAT GAT ATT CAA CCA ATC-3′) and ACT2-C′ (5′-ACA AAG GAG AGC TTC TCC TTG ATG TCT CTT-3′).
Histochemical GUS staining
GUS assays were carried out in the T 1 or T 2 transgenic plants using a modified version of the method described originally by Jefferson et al. (1987) . Briefly, the plant tissues were incubated for 5 min to 12 h at 37°C in a 100 mM sodium phosphate buffer (pH 7.0) containing 0.1% Triton X-100, 1 mM 5-bromo-4-chloro-3-indolyl-β-D-glu- curonide (X-gluc) and 0.5 mM potassium ferricyanide. The stained tissues were bleached with several changes of 70% ethanol.
Measurement of various enzymatic activities
The histochemical GUS staining of the transgenic Arabidopsis plants and quantitative analysis of GUS-activity was performed according to Mitsuda et al. (2003) . The β-galactosidase activity of each transformant in yeast was analyzed as described in Schneider et al. (1996) . The proteins concentration was determined as described by Bradford (1976) .
Transient reporter-effecter analysis using A. thaliana suspension-cultured cells
The reporter plasmid (38×6+35min(-46)-GUS), was constructed as follows. The region containing the CaMV 35S minimum promoter, GUS-reporter gene and nopaline synthase terminator was amplified from PBI121 by a PCR using the following primers; 35Smin46upHin: 5′-GGC AAA AAG CTT GCA AGA CCC TTC CTC TAT-3′ and GUSREco: 5′-AAG AAT TCC CGA TCT AGT AAC ATA GAT G-3′, and the resultant PCR fragment was sub-cloned into the pT7Blue T vector. The six repeats of the 38-bp region were introduced upstream of the CaMV 35S minimum promoter with SalI/SpeI sites and the resultant plasmid was designated 38×6+35min(-46)-GUS. AtVOZ1 and AtVOZ2 (effecters), Vamp722-GFP (a negative control) and luciferase (an internal control) were expressed under the control of the CaMV35S promoter in pBI221. Vamp722 is an A. thaliana R-SNARE, which targets to the plasma membrane (M.H.S., unpublished result).
The reporter, effecter and internal control plasmids were cotransformed into A. thaliana suspension cultured cells by the method described by Takeuchi et al. (2000) . The method used to measure GUS and luciferase activity was described in Mitsuda et al. (2003) .
Protein production for an electrophoretic mobility shift assay
The set of recombinant proteins of AtVOZ1, AtVOZ2 and their derivatives used in the electrophoretic mobility shift assay was synthesized in a system using rabbit reticulocytes (TnT quick coupled transcription/translation system, Promega Co., Ltd.) or in E. coli strain BL21DE3 as 6× histidine-tagged proteins.
Template plasmids for the reticulocyte system were constructed in a pSP64 (polyA) vector. Various point mutations of AtVOZ2 were introduced by the PCR-based method (Ito et al. 1991) . Plasmids for the recombinant AtVOZ2 used in the gel-shift analysis or cross-linking analysis were constructed in pET15b.
Electrophoretic mobility shift analyses
All the oligonucleotides used for probes in the elecrophoretic mobility shift assays in this study are listed in Supplementary data 3. Probes for electrophoretic mobility shift assays were prepared as follows. Partially complementing oligonucleotides were annealed and repaired using the Klenow fragment in the presence of α-[
32 P]-labeled dCTP. For binding assay, 0.3 µg of protein was incubated with probe DNA (2×10 4 cpm) in 20 µl of reaction buffer (10 mM HEPES, pH7.8, 50 mM KCl, 5 mM MgCl 2 , 0.12 mg ml -1 poly[d(I-C)], 10% (v/v) glycerol, and 5 mM DTT) for 30 min at room temperature, and resolved on 4% (w/v) polyacrylamide gels in 0.25× TAE buffer. The gel images were analyzed with a BAS-2000 system (Fuji film Co., Ltd).
Computational analysis of the VOZ-binding site
VOZ-binding sites within 1,000 bp upstream of the translation start site of all A. thaliana genes were identified with the "PatMatch" service of the TAIR website (http://www.arabidopsis.org). The annotation of each gene was cited from the TAIR web site.
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